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(57) A corrosion sensor (1), apparatus for detect- 
ing corrosion of a surface incorporating the 
sensor, a structural assembly (1,21) incorporat- 
ing the sensor and method for detecting corro- 
sion of a surface employing the sensor are 
provided. The sensor comprises a thin flexible 
non-conducting substrate (18) for attachment 
to a surface subject to corrosive influence and 
an array of at least two thin flexible metallic 
electrodes (2,3,4) carried on the substrate whe- 
rein the electrodes are disposed closely adja- 
cent one another so as to permit the generation 
of electric current by electrochemical action 
therebetween upon corrosion of the electrodes. 

The apparatus comprises one or more of the 
corrosion sensors (1) each being attachable to 
the surface so as to be exposed to the same 
corrosion conditions as the surface and means 
(6, 8, 10, 12, 14, 16) for measuring corrosion- 
induced electrochemical activity between the 
electrodes to provide an output indicative of the 
corrosion and the method provides a method of 
use of the apparatus described. 
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This invention relates to corrosion sensors for 
surface corrosion monitoring, coating degradation 
and corrosion surveillance applications. 

It is known that corrosion is an electrochemical 
phenomenon and that measurements of electro- 
chemical parameters associated with corrosion proc- 
esses may be used to estimate the rate and the type 
of corrosion attack. A method and apparatus for as- 
sessing a type of corrosion attacking a particular met- 
allic material using electrochemical measurement 
techniques have previously been detailed in patent 
PCT/GB87/00310. 

The apparatus described in patent 
PCT/GB87/00310 includes an array of three finger 
electrodes fabricated from the same material as the 
metallic surface for which it is desired to measure cor- 
rosion and exposed to the same conditions as that 
surface by being immersed in a tank of corrosive liq- 
uid. Achieving a good correlation in the laboratory be- 
tween the degree and type of corrosion attack on the 
electrodes and on the metallic surface in use de- 
pends on achieving very similar corrosion conditions 
for both. 

This correlation may be readily achievable by ap- 
paratus such as that described above for corrosion 
conditions existing, for example, in pipes which are 
normally filled by a liquid. However, for corrosion at- 
tack on an exposed surface subject only to conden- 
sation from a condensing environment such as corro- 
sion occurring on an external aircraft wing orfuselage 
panel, it can be difficult if not impossible accurately to 
reproduce the "in use" corrosive conditions. 

A further complication is that surfaces of struc- 
tures subject to corrosion may often be covered with 
a protective layer, for example paint, and once again 
the reproduction of such corrosive conditions in a pre- 
cise manner is extremely difficult. 

A third area of variability which is difficult to repro- 
duce in the laboratory is that of stress applied to the 
structure subject to corrosion. Applied stress, wheth- 
er variable or fixed in character can effect the break- 
down of protective treatments to the surface of the 
structure concerned, the initiation of any corrosion 
and the rate of corrosion attack on that surface. Even 
if possible to reproduce in the laboratory a fixed ap- 
plied stress, accurately to reproduce the type of vari- 
able stress which is encountered by, for example, an 
aircraft wing panel is very difficult if not impossible. 

It is the object of the present invention to provide 
an improved corrosion and degradation sensor to be 
used in an apparatus and method for detecting local- 
ised corrosion of conducting surfaces. 

According to one aspect of the present invention 
there is provided a corrosion sensor comprising a thin 
flexible non-conducting substrate for attachment to a 
surface subject to corrosive influence and an array of 
at least two thin flexible metallic electrodes carried on 
the substrate wherein the electrodes co-extend 



closely adjacent one another so as to permit the 
spontaneous generation of electrical signals by elec- 
trochemical action between the electrodes upon their 
corrosion. 

5 The invention therefore provides a corrosion sen- 

sor which can be attached to a metallic or non metallic 
surface for which the corrosion is to be measured and 
which substantially integrates with its environment so 
as to allow accurate estimation of corrosion encoun- 

10 tered by the surrounding surface. 

Each pair of closely adjacent electrodes may be 
formed in an interleaving pattern one with the other. 
Such interleaving may take the form of finger por- 
tions of each electrode interleaving with finger por- 
ts tions of the other. Such interleaving increases the 
possible length of co-extension of the electrodes for 
a given area of surface covered by the sensor. 

According to a second aspect of the present in- 
vention there is provided apparatus for detecting cor- 

20 rosion of a surface comprising one or more corrosion 
sensors according to the first aspect of the invention, 
each of said sensors being attachable to said surface 
so as to be exposed to the same corrosion conditions 
as the surface and means for measuring corrosion- 

25 induced electrochemical activity between the electro- 
des to provide an output indicative of the corrosion. 

The corrosion sensor comprised in the apparatus 
may include three electrodes and the means for 
measuring cor rosion- induced electrochemical activi- 

30 ty may comprise means for measuring electrochemi- 
cal coupling current between one pair of the electro- 
des and means for measuring electrochemical noise 
between the same pair or a second pair of the elec- 
trodes and means for comparing the coupling current 

35 with the electrochemical current noise to provide an 
output indicative of the degree to which corrosion is 
localised. 

The apparatus may include means for monitoring 
electrochemical potential noise between a further 
40 pair of electrodes and means for comparing the elec- 
trochemical potential noise with the electrochemical 
current noise to indicate overall rate of corrosion. 

The apparatus may also include means to com- 
pare the overall rate of corrosion with the degree of 
45 localisation of corrosion to give an indication of rate 
of localised corrosion. 

According to a third aspect of the present inven- 
tion there is provided a method of detecting corrosion 
of a surface comprising the steps of attaching a cor- 
so rosion sensor according to the first aspect of the in- 
vention to the surface, subjecting the sensor and sur- 
face to a corrosive influence and measuring corro- 
sion-induced electrochemical activity between the 
electrodes. 

55 The method may include the steps of measuring 

the electrochemical coupling current between any 
pair of electrodes of the array, measuring electro- 
chemical current noise between a second pair of elec- 
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trodes and comparing the electrochemical coupling 
current with the electrochemical current noise to pro- 
vide an output indicative of the degree to which the 
corrosion is localised. 

According to a fourth aspect of the invention 
there is provided a structural assembly comprising at 
least one panel member and at least one corrosion 
sensor according to the first aspect of the invention 
attached to the at lest one panel member, said at least 
one panel member and at least one corrosion sensor 
being exposable simultaneously to a common corro- 
sive influence. 

One embodiment of the invention will now be de- 
scribed, by way of example only, and with reference 
to the accompanying drawing schematically illustrat- 
ing one embodiment of the sensor mounted on a pan- 
el surface and connected to electronic measuring ap- 
paratus. 

A preferred sensor arrangement 1 has a config- 
uration of three interleaved electrodes, 2, 3 and 4 
having a gap 5, typically 0.25 mm., therebetween 
mounted upon a thin, non-conductive, substantially 
flexible substrate material 18. The sensor 1 is mount- 
ed by adhesive to the surface of a panel 21 the cor- 
rosive activity upon which is to be estimated by the 
use of the sensor 1. The substrate material 18 is of 
cast or laminate polyimide and is 150-200 m thick. 
Use of epoxy resins for the substrate is also possible. 
The overall size of the sensor is between 25 and 
50mm square. Each of the electrodes includes an ex- 
tension 19 terminating in a terminal 20. 

Electrodes 2 and 3 are connected to an electro- 
chemical potential noise monitoring apparatus 6 
which provides on output 7 an output signal represen- 
tative of the RMS or standard deviation of the poten- 
tial noise. The electrochemical noise may be moni- 
tored as shown by a circuit connected between the 
coupled electrodes 3 and 4 and a third electrode 2 of 
the array. A zero resistance ammeter 8 is connected 
across electrodes 3 and 4 and produces on output 9 
an output signal corresponding to the DC coupling 
current. 

The output 9 is connected to an electrochemical 
current noise apparatus 10 which provides on output 
11 an output signal corresponding to the RMS or stan- 
dard deviation of the current noise. The outputs 7 and 
11 are applied to a circuit 12 for comparing the elec- 
trochemical potential noise and the electrochemical 
current noise. The circuit 12 provides on output 13 an 
output signal which is the resistive or impedance 
noise and is equal to the ratio of the electrochemical 
potential noise to the electrochemical current noise. 
The output 13 is effectively indicative of the overall 
rate of corrosion. 

The illustrated structure provides effectively four 
outputs each of which varies in a manner which is in- 
dicative of the rate and/or nature of the corrosion at- 
tack to which the electrode array is exposed. A com- 



parison made between the signals on outputs 9 and 
11 indicates the nature of the corrosion attack. Ac- 
cordingly a comparator circuit 14 is connected to out- 
puts 9 and 1 1 and provides on output 1 5 an output sig- 

5 nal which is representative of the ratio between the 
electrochemical noise and the DC coupling current 
Output 1 5 is indicative of the degree or otherwise 
of localised behaviour during corrosion attack. That 
is, a low value of the ratio is indicative of general cor- 

10 rosion, whilst a high value is indicative of localised 
corrosion. 

A further circuit 16 is provided which compares 
the output 13 (overall corrosion rate) with the output 
15 (degree to which corrosion is localised) and pro- 

15 duces an output 17 which is indicative of the rate of 
localised corrosion. Thus use of the apparatus of the 
present invention makes it possible accurately to de- 
termine both the nature and rate of a particular cor- 
rosion process. 

20 The electrode material can be of any pure metal, 

alloy or metal-based composite material which can be 
mechanically prepared or applied by deposition 
methods such as plating, adhesion, laser methods or 
vapour-deposition techniques such as evaporation, 

25 ion-plating, reactive ion-plating and sputtering. Typi- 
cal materials are aluminium, magnesium, lithium, 
zinc, titanium and alloys of these metals. The thick- 
ness of these electrodes can be varied depending on 
the application but would be typically 5-25 \x m thick. 

30 The overall size of the sensor can be varied de- 

pending on requirements but might typically be 25- 
50mm square. In practice, the sensors are located on 
or adhesively bonded to structures to which a corro- 
sion-resisting protective coating may be applied sub- 

35 sequently as appropriate. They can be used for de- 
tecting the breakdown or damage of passive films, or- 
ganic films or protective coatings applied to metallic 
or non-metallic structures and for monitoring and/or 
^estimating the severity and type.of corrosion repre- 

40 sentative of damage sustained by the surrounding 
structure. Sensors of this type can also be used for 
providing a rapid indication of cracking of a structure 
due to a corrosion enhanced or assisted mechanism. 
The sensors may also be designed to monitor the cor- 

45 rosivity of the surrounding environment. 

The sensors are monitored as described above to 
detect general breakdown or localised damage to the 
protective coating and to monitor electrochemical ac- 
tivity generated by the sensor films to detect the on- 

50 set of corrosion or to provide an estimate of the rate, 
severity and type of corrosion which could be expect- 
ed in the surrounding structure. 

Sensors which have not been coated can be 
monitored to give a rapid indication of the type of en- 

55 vironment experienced in those particular areas of 
the structure in which the sensors are located. Crack- 
ing of the structure in the areas to which the sensors 
are bonded for example due to stress corrosion crack- 
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ing or corrosion fatigue may also be determined by 
the detection of electrochemical signals generated by 
the sensor films and/or between the structure (so 
long as it contains conducting fibres therein) and one 
or more of the individual metallic films on the sensors. 

Such signals may be generated upon the break- 
down of the non-conductive substrate of the sensor 
to allow electrochemical activity to take place be- 
tween one or more of the electrodes and the conduc- 
tive material of the surface to which the sensor is ap- 
plied. Alternatively the sensor may be applied to the 
conducting surface so that the electrodes face the 
surface but are spaced therefrom by a small distance 
of the order of 0.1 to 0.5 mm. The incursion of a cor- 
rosive solution between sensor and surface will then 
precipitate electrochemical activity between the sur- 
face and at least one electrode of the sensor. It is of 
course necessary to provide an electrical connection 
between the instrumentation and the conductive sur- 
face as well as the sensor for this purpose. 

The principal advantages of the metal corrosion 
sensors of the invention are: 

1) The sensors are thin, relatively flexible and 
can be attached to a structure such that they fol- 
low the contours of and protrude only slightly 
above the surface of the structure. This results in 
only a minimal disturbance of the gas or liquid 
flow around the sensors and allows any conden- 
sation or contamination on the surface or the 
structure to also affect the sensor electrodes. 

2) The sensors can be physically attached (e.g. 
by adhesive bonding) to a structure so that any 
strain applied to that structure can influence the 
corrosion or degradation performance of the 
sensors and any protective treatment applied 
over the sensors. It is known that in aircraft, high- 
ly strained coated or uncoated areas of the struc- 
ture may display a significantly different corro- 
sion performance compared with unstrained 
areas. 

3) The low thermal capacity of the sensors does 
not affect heat transfer to the substrate and/or 
surface to which it is attached, allowing accurate 
monitoring of condensation-induced corrosion. 

4) The sensors may be attached to the structure 
prior to the application of a protective treatment 
(eg paint) to the structure. The protective treat- 
ment may then be applied over the structure and 
the sensor in one operation. 

5) The size, composition, structure, thickness 
and geometry of the metallic films and the back- 
ing material can be varied to produce a combina- 
tion reflecting the materials and design of the 
structure to which the sensors will be attached. 

6) A large number of the sensors can be attached 
to a structure in which weight is important eg. air- 
craft. 

7) The sensors are relatively cheap to manufac- 



ture. 

8) The apparatus using the sensors is more sen- 
sitive to the onset of degradation than are appa- 
ratuses using conventional electrical resistance 

5 type sensors and can be used to predict the onset 

of attack. They may also be used to provide an es- 
timate of the rate and type of damage. 

9) The sensors are particularly sensitive for the 
detection of localised corrosion activity such as 

10 pitting corrosion, crevice corrosion, stress corro- 

sion, cracking corrosion fatigue, under deposit 
corrosion, coating or composite structure degra- 
dation and under-coating corrosion. 
In a typical sensor design as shown in the attach- 
15 ed drawing illustrating an interleaved three- electrode 
configuration, the high degree of interleaving shown 
would result in a high level of electrochemical signals 
produced by the sensor as the length of electrode co- 
extension per unit area of the sensor is increased 
20 compared with straight electrodes with straight lines 
of co-extension. 

The electrode geometry can be varied according 
to the application and could be of a simple rectangular 
or a more complex interleaved type. The gap between 
25 the electrodes, while being typically 0.25mm, may be 
larger or smaller as desired. The gap between the 
electrodes should be sufficiently small for the corro- 
sive environment to form an electrochemical "bridge" 
with a reduced solution resistivity between the elec- 
30 trodes and so can be varied according to the severity 
and type of corrosion which will be experienced by the 
sensor. 

The substrate material can be varied for example 
polystyrene could be used. 

35 

Claims 

1 . A corrosion sensor (1 ) characterised by compris- 
40 ing a thin flexible non-conducting substrate (18) 

for attachment to a surface (21 ) subject to corro- 
sive influence and an array of at least two thin 
flexible metallic electrodes (2,3,4) carried on the 
substrate (1 8) wherein the electrodes (2,3,4) co- 
45 extend closely adjacent one another so as to per- 

mit the spontaneous generation of electrical sig- 
nals by electrochemical action between the elec- 
trodes upon their corrosion. 

so 2. A corrosion sensor as in claim 1 wherein the elec- 
trodes (2,3,4) co-extend closely adjacent one an- 
other with a gap (5) therebetween of substantial- 
ly 0.25mm. 

55 3. A corrosion sensor as in claim 1 or 2 in which the 
electrodes (2,3,4) are interleaved one with an- 
other to increase the length of co-extension 
thereof per unit area of sensor (1). 
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4. Apparatus for detecting corrosion of a surface 
(21) comprising one or more corrosion sensors 
(1) according to claim 1 ,2 or 3, each of said sen- 
sors (1) being attachable to said surface (21) so 

as to be exposed to the same corrosive condi- 5 
tions as the surface and means (6 to 16) for 
measuring corrosion-induced electrochemical 
activity between the electrodes (2,3,4) to provide 
an output (1 7) indicative of the corrosion. 

10 

5. Apparatus as in claim 4 in which the means for 
measuring corrosion- induced electrochemical 
activity between the electrodes (2,3,4) includes 
means (8) for measuring electrochemical cou- 
pling current between a pair (3,4) of electrodes, 15 
means (10) for measuring electrochemical cur- 
rent noise between a pair (3,4) of electrodes and 
means (14) to compare the coupling current with 

the current noise to provide an output indicative 

of the degree to which corrosion is localised. 20 

6. Apparatus as in claim 5 including means (6) for 
monitoring electrochemical potential noise be- 
tween a further pair of electrodes (2,3) and 
means (12) for comparing the electrochemical 25 
potential noise with the electrochemical current 
noise to indicate overall rate of corrosion. 



7. Apparatus as in claim 6 including means (16) to 
compare the overall rate of corrosion wit h the de- 30 
gree of localisation of corrosion to give an indica- 
tion of rate of localised corrosion. 

8. A method of detecting corrosion of a surface 
comprising the steps of attaching a corrosion 35 
sensor according to claim 1,2 or 3 to the surface 

(21), subjecting the sensor (1) and surface (21) 
to a corrosive influence and measuring corro- 
sion-induced electrochemical activity between 
the electrodes (2.3.4). 40 

9. A structural assembly comprising at least one 
panel member (21) and at least one corrosion 
sensor (1 ) according to claim 1 ,2 or 3 attached to 

the at least one panel member, said at least one 45 
panel member (21) and at least one corrosion 
sensor (1) being exposable simultaneously to a 
common corrosive influence. 
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(S) Corrosion sensors. 

(57) A corrosion sensor (1), apparatus for detect- 
ing corrosion of a surface incorporating the 
sensor, a structural assembly (1.21) incorporat- 
ing the sensor and method for detecting corro- 
sion of a surface employing the sensor are 
provided. The sensor comprises a thin flexible 
non-conducting substrate (18) for attachment 
to a surface subject to corrosive influence and 
an anay of at least two thin flexible metallic 
electrodes (2,3,4) carried on the substrate whe- 
rein the electrodes are disposed closely adja- 
cent one another so as to permit the generation 
of electric current by electrochemical action 
therebetween upon corrosion of the electrodes. 

The apparatus comprises one or more of the 
corrosion sensors (1) each being attachable to 
the surface so as to be exposed to the same 
corrosion conditions as the surface and means 
(6, 8, 10, 12, 14, 16) for measuring corrosion- 
induced electrochemical activity between the 
electrodes to provide an output indicative of the 
corrosion and the method provides a method of 
use of the apparatus described. 
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